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Postzygotic reproductive isolation in response to
interploidy hybridizations is a well-known phenome-
non in plants that forms a major path for sympatric
speciation. Amain determinant for the failure of inter-
ploidy hybridizations is the endosperm, a nutritious
tissue supporting embryo growth, similar to the func-
tional role of the placenta in mammals. Although it
has been suggested that deregulated imprinted
genes underpin dosage sensitivity of the endosperm,
the molecular basis for this phenomenon remained
unknown. In a genetic screen for suppressors of trip-
loid seed abortion, we have identified the paternally
expressed imprinted gene ADMETOS (ADM). Here,
we present evidence that increased dosage of ADM
causes triploid seed arrest. A large body of theoret-
ical work predicted that deregulated imprinted genes
establish the barrier to interploidy hybridization. Our
study thus provides evidence strongly supporting
this hypothesis and generates the molecular basis
for our understanding of postzygotic hybridization
barriers in plants.
INTRODUCTION
How new species are formed remains a major question in evolu-
tionary biology. Solving this question requires an understanding
of the genetic and evolutionary basis of the traits mediating
reproductive isolation. Postzygotic reproductive isolation in
response to interploidy hybridization forms a major path for
sympatric speciation in plants (Otto and Whitton, 2000; Ramsey
and Schemske, 1998). The phenomenon has been termed ‘‘trip-
loid block,’’ describing the difficulty of obtaining viable triploid
seeds by diploid-tetraploid crosses (Marks, 1966). The endo-
sperm is a key determinant for the success of interploidy hybrid-
izations (Brink and Cooper, 1947; Woodell and Valentine, 1961),
and abnormalities in the growth and structure of the endosperm
are the source of the triploid block (Ramsey and Schemske,
1998). In most angiosperms, the endosperm is a triploid tissue
derived after fertilization of the homodiploid central cell with
a haploid sperm cell. The endosperm serves to supportDevelopmenand nurture the growing embryo, similar to the role of the
placenta in mammals (Li and Berger, 2012). The endosperm
of Arabidopsis thaliana follows the nuclear type of development
where an initial syncytial phase of free nuclear divisions without
cytokinesis is followed by cellularization (Costa et al., 2004).
Endosperm cellularization is an important developmental
transition required for viable seed formation (Hehenberger
et al., 2012). Reciprocal hybridizations of plants that differ in
ploidy have antagonistic effects on endosperm development;
pollinations of maternal plants with pollen donors of higher
ploidy will cause delay or failure of endosperm cellularization
correlating with increased seed size or seed abortion.
Conversely, the reciprocal cross will cause precocious endo-
sperm cellularization and decreased seed size (Scott et al.,
1998). In Arabidopsis, hybridizations of a diploid female plant
with a tetraploid pollen donor (paternal excess hybridizations)
will cause the formation of triploid progeny that will abort in an
accession-dependent frequency. Although abortion of triploid
seeds is highly penetrant in the Arabidopsis Columbia (Col)
accession, the response to interploidy hybridization is rather
weak in the Landsberg erecta (Ler) and C24 accessions (Scott
et al., 1998; Dilkes et al., 2008).
The Endosperm Balance Number (EBN) serves as a predictor
for the success of interploidy hybridizations by assigning
each species a defined effective ploidy that must be in a 2:1
maternal to paternal ratio in the endosperm for crosses to
succeed (Johnston et al., 1980). Although widely used in plant
breeding, the molecular mechanisms underpinning the EBN
concept remained enigmatic. The sensitivity of the endosperm
to changes in parental genome balance led to the hypothesis
that imprinted genes are causal for the response to interploidy
hybridizations (Haig and Westoby, 1989; Moore and Haig,
1991; Birchler, 1993; Gutierrez-Marcos et al., 2003; Zeh and
Zeh, 2000; Kinoshita, 2007). Imprinted genes are predominantly
expressed from either maternally or paternally inherited alleles
as a result of epigenetic modifications established in the
gametes (Ko¨hler et al., 2012). If imprinted genes encode for
dosage-sensitive regulators, disturbed balance of these
regulators in response to interploidy crosses is expected to
cause deleterious effects (Birchler et al., 2001; Veitia, 2003;
Birchler and Veitia, 2012). Although previous studies revealed
deregulation of imprinted genes in response to interploidy
hybridizations that were either connected with the activation
of the silenced allele or hyperactivation of the active allele
(Jullien and Berger, 2010; Tiwari et al., 2010; Wolff et al.,tal Cell 26, 525–535, September 16, 2013 ª2013 Elsevier Inc. 525
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deregulated imprinted genes and seed abortion remained
unknown.
In this study, we have identified the paternally expressed
imprinted gene (PEG) ADMETOS (ADM) to be causally respon-
sible for abortion of triploid paternal excess Arabidopsis seeds.
ADM acts as a dosage-sensitive regulator of triploid seed devel-
opment and increased ADM expression in triploid seeds causes
endosperm cellularization failure leading to seed abortion. Our
study establishes ADM as a dosage-sensitive imprinted gene
that erects a strong postzygotic reproductive barrier upon
change of genome dosage.
RESULTS
Identification of a Suppressor of Triploid Seed Abortion
To identify the genetic basis of interploidy hybridization barriers
we searched for mutants that act as suppressors of triploid
seed abortion. We made use of the jason (jas) mutant that
frequently forms unreduced (2n) pollen and triploid seeds
upon self-fertilization (Erilova et al., 2009). We generated a
mutagenized population of diploid jas-3 plants (in the Col back-
ground) and screened for mutants with a reduced seed abor-
tion rate. We identified one mutant that strongly suppressed
triploid seed abortion and that we named admetos (adm-1)
after one of Jason’s companions in his quest for the Golden
Fleece. Although jas-3 formed about 30% aborted triploid
seeds, only about 2% of seeds aborted in the jas-3 adm-1
double mutant (Figures 1A and 1C). We tested viability of
jas-3 adm-1 seeds and found that 97% of seeds germinated
compared with only 80% of jas-3 seeds (Figure 1B). Rescued
triploid adm-1 seeds were enlarged compared to diploid wild-
type seeds (Figure 1C). We tested ploidy of enlarged seeds
and found 11 out of 12 tested seeds to be triploid (data not
shown). We tested whether the ability of adm-1 to rescue trip-
loid seeds is independent of the mutation giving rise to unre-
duced gametes. For that purpose, we introduced adm-1 into
the omission of second division 1 (osd1) mutant background.
In contrast to jas, which produces gametes by a first division
restitution mechanism, the osd1 mutant forms unreduced gam-
etes by a second division restitution mechanism (d’Erfurth
et al., 2009). The osd1 mutation is highly penetrant and leads
to almost 100% 2n pollen and triploid seeds when used as pol-
len donor (d’Erfurth et al., 2009). Similar to the rescue of triploid
seeds in the jas-3 background, adm-1 rescued triploid seeds
formed by unreduced pollen of the osd1 mutant (Figures
1D–1F). The majority of triploid adm-1 seeds formed by unre-
duced pollen of the osd1 mutant germinated and developed
into seedlings (Figures 1E and 1G). In contrast to triploid seeds
that fail to undergo endosperm cellularization (Scott et al.,
1998), the endosperm of triploid adm-1 seeds cellularized,
albeit delayed compared to diploid wild-type seeds (Figure 1H).
Whereas wild-type seeds cellularize 5–7 days after pollination
(DAP), triploid adm-1 seeds cellularized 8–10 DAP. Endosperm
cellularization failure is likely responsible for embryo arrest
(Hehenberger et al., 2012). In agreement with that view, resto-
ration of endosperm cellularization in triploid adm-1 seeds
allows progression of embryo development to the mature
embryo stage (Figure 1H).526 Developmental Cell 26, 525–535, September 16, 2013 ª2013 ElsExpression of AGL MADS-Box Genes and Imprinted
Genes Is Normalized in Triploid adm Seeds
Previous studies revealed that failure of endosperm cellulariza-
tion was associated with increased expression of AGAMOUS
LIKE (AGL) MADS-box transcription factor genes (Erilova et al.,
2009; Walia et al., 2009; Jullien and Berger, 2010; Hehenberger
et al., 2012). Consistently, normalization of endosperm cellulari-
zation and embryo development by adm-1 was reflected by
normalization of AGL gene expression (Figure 2A). Expression
of AGL36,AGL62, and AGL90was close to wild-type expression
levels in triploid adm-1 seeds, whereas PHE1 and AGL40 had
reduced expression levels in triploid adm-1 seeds compared to
wild-type triploid seeds but still significantly increased expres-
sion compared to diploid wild-type seeds. Expression of
AGL28 was not affected by the adm-1 mutation (Figure 2A).
We also tested expression of MEA and FIS2 that are inversely
deregulated in Col triploid seeds (Jullien and Berger, 2010).
Whereas expression of MEA was reduced to wild-type levels in
adm-1 triploid seeds, FIS2 expression was increased in adm-1
triploid seeds compared to diploid and triploid wild-type seeds
(Figure 2B). Unbalanced parental contributions in the endosperm
cause deregulated expression of imprinted genes (Jullien and
Berger, 2010; Wolff et al., 2011). We therefore tested whether
adm-1 could normalize expression of maternally and paternally
expressed imprinted genes (MEGs and PEGs, respectively)
that have increased expression levels in response to interploidy
crosses (Wolff et al., 2011). Indeed, all tested PEGs had reduced
expression levels in adm-1 triploid seeds compared to triploid
seeds expressing a wild-type ADM allele (Figure 2C). Three out
of six tested MEGs had increased expression levels in triploid
seeds and their expression was decreased in adm-1 triploid
seeds (Figure 2D).
ADM Is a Paternally Expressed Imprinted Gene
To examine whether adm-1 has a maternal or paternal effect
on triploid seed rescue, we performed reciprocal crosses of
adm-1 in the osd1 mutant background. These crosses revealed
that adm-1 confers seed rescue when paternally but not
when maternally inherited (Figures 3A and 3B). Loss of ADM
affected only development of triploid but not diploid seeds.
Seed development, final seed size, and expression of selected
AGL genes were similar in diploid mutant seeds and wild-
type seeds, suggesting a specific negative effect of increased
ADM dosage in triploid seeds (Figures S1A–S1G available
online).
We identified the adm-1 mutation to cause an amino acid
substitution in gene At4g11940, encoding for a protein
belonging to the diverse family of molecular chaperones called
J-domain proteins (Rajan and D’Silva, 2009; Kampinga and
Craig, 2010). The mutation is located within the J-domain and
changes an arginine at position 81 to a tryptophan, which likely
impairs the function of the protein (Figures S2A and S2B).
Consistently, genetic analysis revealed that adm-1 is likely a
recessive mutant because diploid jas-3 pollen heterozygous
for adm-1 did not produce viable triploid seeds (Fig-
ure S2C). Although all J-domain proteins share the name-giving
conserved J-domain, they differ by the presence of different
carboxyterminal domains. ADM belongs to the type IV class
of J-domain proteins, which contain a J-domain lacking theevier Inc.
Figure 1. Triploid adm Seeds Are Viable
(A and D) Percentage of aborted seeds of self-fertilized jas-3 and jas-3 adm-1 mutants (A) and Col wild-type plants pollinated with osd1 (D) and adm-1 mutants
pollinated with osd1 adm-1 pollen (D). Numbers on top of bars correspond to number of analyzed seeds.
(B and E) Percentage of germinated seeds of indicated genotypes. Numbers on top of bars correspond to number of analyzed seeds.
(C and F) Pictures of mature seeds of indicated genotypes. Selected triploid seeds are marked with arrowheads. Scale bar, 1 mm.
(G) Seedlings 6 days after germination. Scale bar, 1 cm.
(H) Sections of seeds with the indicated genotype at 8 DAP (upper panels) and 10 DAP (lower panels). Ploidy was inferred based on seed morphology. Scale
bar, 0.1 mm.
See also Figures S1 and S2.
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ATPase activity (Rajan and D’Silva, 2009; Kampinga and Craig,
2010). J-domain proteins are involved in multiple biological
processes such as protein folding, protein translocation intoDevelopmenorganelles, and regulation of gene expression by assisting
chromatin regulators (Dai et al., 2005; Kampinga and Craig,
2010; Wang and Brock, 2003). Orthologous sequences
to ADM were only identified in species of the Brassicaceaetal Cell 26, 525–535, September 16, 2013 ª2013 Elsevier Inc. 527
Figure 2. Expression of AGL MADS-Box
Genes and Imprinted Genes Is Decreased
in adm
Quantitative RT-PCR analysis of indicated genes
in whole siliques derived from crosses of wild-type
Col plants (white bars), wild-type Col plants polli-
nated with osd1 pollen (gray bars), and adm-1
plants pollinated with osd1 adm-1 pollen (black
bars) at 6 DAP.
(A) AGAMOUS LIKE (AGL) genes.
(B) MEA and FIS2.
(C) Paternally expressed imprinted genes.
(D) Maternally expressed imprinted genes.
Error bars indicate SEM.
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Capsella rubella; Figure S2A) but not in more distantly related
species such as Brassica rapa nor in species outside the
Brassicaceae.
At4g11940 has previously been predicted to be a paternally
expressed imprinted gene (Hsieh et al., 2011; Wolff et al.,
2011), which is in agreement with our genetic data that
reveal a functional role of ADM when paternally inherited. We
introduced a construct containing the promoter and coding
region of At4g1190 into the osd1 adm-1 background and
tested whether it could complement the adm-1 phenotype.
Indeed, the fraction of aborted seeds was increased to
about 85% when we pollinated adm-1 plants with osd1528 Developmental Cell 26, 525–535, September 16, 2013 ª2013 Elsevier Inc.adm-1 pollen homozygous for the
At4g11940 construct (Figure S2D).
ADM was expressed during seed
development, reaching highest expres-
sion levels at 3 DAP (Figure 3C). We
generated a translational reporter of
ADM with GFP and tested expression
in pollen and developing seeds (Figures
3D–3K). The ADM::ADM-GFP transgene
was functional as revealed by increased
rates of seed abortion of triploid adm-1
seeds (Figure S2D). ADM was spe-
cifically localized in endosperm nuclei
(Figures 3D–3K). Reciprocal crosses
revealed that the ADM-GFP transgene
was only expressed from the paternal
allele (Figures 3H and 3I). We did not
detect expression of ADM in pollen
(Figures 3J and 3K) and neither in other
tissues (data not shown), revealing
that expression of the paternal ADM
allele is specifically activated in the
endosperm.
ADM transcript levels were strongly
increased in triploid seeds (Figure 3L).
We tested whether increased ADM tran-
script levels are caused by breakdown
of ADM imprinting and activation of
the maternal ADM allele. However, ADM
remained imprinted in triploid seeds
(Figure 3M), revealing a specific effectof double paternal genome dosage on expression of the paternal
ADM allele.
ADM Is a Dosage-Sensitive Gene
We addressed the question whether ADM is a dosage-sensitive
gene, which would imply that triploid seed rescue correlates
with decreasing ADM gene dosage. In agreement with this
hypothesis, there was a decreased proportion of aborted
triploid seeds when adm-1 was biparentally inherited compared
to paternal inheritance (Figure 3B), suggesting a functional role
of the maternal ADM alleles in triploid seeds. In agreement
with that, there were residual levels of the maternal ADM
alleles detectable in diploid and triploid seeds (Figure 3M;
Figure 3. ADM Is a Paternally Expressed Imprinted Gene and Remains Imprinted in Triploid Seeds
(A) Pictures of mature seeds of adm-1 plants pollinated with osd1 pollen and wild-type Col plants pollinated with osd1 adm-1 pollen.
(B) Percentages of aborted and germinated seeds of wild-type Col plants pollinated with osd1 pollen (white bars), adm-1 plants pollinated with osd1 pollen (light
gray bars), wild-type Col plants pollinated with osd1 adm-1 pollen (dark gray bars), and adm-1 plants pollinated with osd1 adm-1 pollen (black bars). Numbers on
top of bars correspond to number of analyzed seeds.
(C) Expression of ADM in whole siliques from 1–6 DAP. Error bars indicate SEM.
(D–G) ADM::ADM-GFP expression in self-fertilized seeds at 1, 2, 3, and 4 DAP.
(H and I) Reciprocal crosses with ADM::ADM-GFP transmitted through pollen (H) and female gametes (I) at 4 DAP.
(J and K) Only background fluorescence is detectable in ADM::ADM-GFP pollen (J) and wild-type pollen (K).
(L) Expression of ADM in whole siliques derived from crosses of wild-type Col plants and wild-type plants pollinated with osd1 pollen at 6 DAP. Error bars
indicate SEM.
(M) ADM is predominantly paternally expressed in diploid and triploid seeds. Siliques of crosses of Ler plants pollinated with Col wild-type or jas-3 pollen were
harvested at the indicated time points and allele-specific expression was tested by restriction-based allele-specific PCR analysis. Siliques of Col and Ler plants
pollinated with Col and Ler pollen were used as controls.
Scale bars, 1 mm (A) and 50 mm (D–K). See also Figure S3.
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Figure 4. ADM Is a Dosage-Sensitive Gene
(A) Distribution of seed sizes from self-fertilized
wild-type Col plants (blue line), wild-type Col
plants pollinated with osd1 pollen (red line),
adm-1 plants pollinated with osd1 pollen (green
line), wild-type Col plants pollinated with osd1
adm-1 pollen (purple line), and adm-1 plants
pollinated with osd1 adm-1 pollen (black line). A
minimum of 100 seeds was analyzed for each
cross.
(B) Frequencies of aborted and germinated trip-
loid seeds derived from wild-type Col plants
pollinated with osd1 pollen (light gray bars), wild-
type Col plants pollinated with osd1 adm-2 pollen
(dark gray bars), and adm-2 plants pollinated
with osd1 adm-2 pollen (black bars). Numbers
above the bars indicate the number of analyzed
seeds.
(C) Pictures of seeds of the indicated crosses.
Scale bar, 1 mm.
(D) Expression of AGL genes in whole siliques
of indicated genotypes at 6 DAP. Error bars indi-
cate SEM.
See also Figure S4.
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ever, became unmasked only upon loss of paternal ADM
alleles. Triploid seeds that were homozygous for adm-1 were
decreased in size compared to triploid seeds inheriting a
wild-type maternal ADM allele (genotype adm-1//+), revealing
a dosage-sensitive role of ADM in regulating seed size (Fig-
ure 4A). We identified a second adm allele (adm-2; Figures
S4A–S4C) in a collection of T-DNA mutants that similarly to
adm-1 strongly suppressed triploid seed abortion (Figures 4B
and 4C). In agreement with ADM being a dosage-sensitive
gene, also adm-2 had a stronger effect on triploid seed viability
when the seeds were homozygous for the adm-2 mutation
compared to triploid seeds having a functional ADM maternal530 Developmental Cell 26, 525–535, September 16, 2013 ª2013 Elsevier Inc.allele (Figures 4B and 4C). We tested
whether ADM dosage-dependent abor-
tion of triploid seeds was reflected on
transcript levels of AGL genes. Indeed,
transcript levels of AGL genes in triploid
adm-2 seeds were partially normalized
(Figure 4D) with the clear trend that
AGL expression was more strongly
reduced in homozygous adm-2 triploid
seeds than in triploid seeds that inherited
an ADM maternal allele. The repressive
effect of adm-2 on AGL gene expression
was detectable at 4 DAP (Figure S4D),
clearly preceding the onset of endo-
sperm cellularization at 6 DAP (Kradolfer
et al., 2013). Therefore, reduced AGL
gene expression by adm in triploid seeds
is unlikely a secondary consequence of
normalized endosperm cellularization,
but rather enables endosperm cellulari-
zation. Taken together, these data reveal
that ADM is a dosage-sensitive gene andshow that the maternal ADM allele gains a functional role in
triploid seeds.
We addressed the question whether ADM overexpression
would be sufficient to confer diploid seed abortion. We gener-
ated transgenic lines overexpressing ADM under the control
of the endosperm-specific PHE1 promoter (Weinhofer et al.,
2010) and the RPS5A promoter, which is expressed in embryo
and endosperm (Weijers et al., 2001). We generated 10 indepen-
dent transgenic lines for each construct and identified several
lines with medium to strong overexpression in the endosperm
(Figure S4E). However, in none of these lines did we detect trip-
loid seed-like abortion, revealing that increasedADM expression
is specifically detrimental in triploid seeds.
Figure 5. Accession-Dependent Triploid Seed Abortion Correlates
with ADM Expression Levels
(A) Expression of ADM in whole siliques derived from pollinations of wild-type
Col or Ler plants with wild-type Col or Ler pollen (white and dark gray bars,
respectively), Col plants pollinatedwith jas-3 pollen (Col background; light gray
bars), and Ler plants pollinated with jas-1 pollen (Ler background; black bars)
at 4 and 6 DAP. Error bars indicate SEM.
(B) adm-1 plants were pollinated with pollen of osd1, osd1 adm-1, or osd1
adm-1mutants hemizygous for a Col or Ler ADM::ADM transgene. Percentage
of collapsed seeds is shown. Numbers above the bars indicate the number of
analyzed seeds. Independent transgenic lines are numbered (#).
(C) A Col ADM::ADM transgene was expressed in the jas-1 (Ler) background.
Percentage of collapsed seeds for self-fertilized plants is shown. Numbers
above the bars indicate the number of analyzed seeds. Independent trans-
genic lines are numbered (#).
See also Figure S5.
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ADM Expression Levels
Triploid seed abortion is accession dependent. Although triploid
seeds abort very frequently in the Col accession, the majority of
triploid seeds are viable in the Ler background (Dilkes et al.,
2008). We addressed the question whether accession-depen-
dent differences of Col and Ler are caused by different expres-
sion or function of ADM. Therefore, we tested whether triploid
Col and Ler seeds differ in ADM expression levels. Indeed, we
found that ADM transcript levels remained at a much lower levelDevelopmenin triploid Ler seeds compared to triploid Col seeds (Figure 5A),
correlating with a reduced abortion rate of triploid Ler seeds.
Introducing a Ler genomic locus of ADM (including 1.5 kb of up-
stream and 0.3 kb of downstream sequence) into the adm-1
mutant background (Col accession) complemented the mutant
similarly well as an ADM genomic fragment derived from the
Col accession (Figure 5B), revealing that ADM sequence varia-
tion between Col and Ler accessions (Figure S5) is unlikely to
be responsible for accession-dependent differences in triploid
seed abortion. In support of this conclusion, expression of a
Col ADM genomic fragment in the jas-1 mutant (Ler accession)
did not increase the frequency of triploid seed abortion (Fig-
ure 5C). Together, these data strongly suggest that the different
triploid responses of Col and Ler are unlikely consequences of
ADM sequence variation in cis but rather are caused by acces-
sion-specific factors acting in trans on ADM expression.
adm Partially Rescues Seeds Lacking FIS-PRC2
Loss of function of the FERTILIZATION INDEPENDENT SEED
(FIS) Polycomb Repressive Complex 2 (PRC2) causes a similar
phenotype as paternal excess triploid seeds, correlating with
largely overlapping sets of deregulated genes (Erilova et al.,
2009; Tiwari et al., 2010). Consistently, ADM is a target gene of
the FIS-PRC2 in the endosperm (Figure S6), and ADM expres-
sion was increased in mutants of the FIS-PRC2 subunit MEA
(Figure 6A). We tested whether similar to its ability to rescue
triploid seeds adm-1 could rescuemeamutant seeds.We gener-
ated double mutants that were heterozygous formea and homo-
zygous for adm-1 and pollinated themwith adm-1mutant pollen.
Whereas a mea/+ ADM/+ mutant formed about 50% aborting
seeds (n = 216), seed abortion in mea/+ adm-1/ double mu-
tants was suppressed to 36% (n = 357; X2 = 29.14 > X0.05[1]
2 =
3.84). Among seeds produced by a mea/+ adm-1/ mutant,
we found 10% partially collapsed seeds that contained a
developed embryo (Figures 6B and 6C). We tested viability of
aborted and partially collapsed seeds by germinating them on
plates and genotyping the seedlings for the presence of the
mea mutation. We found that 15% of mea/+ adm-1/ seeds
germinated, compared to only 1%–3% of mea/+ and mea/+
adm-1/+ seeds (Figure 6D). These data reveal that loss of ADM
function allows the requirement of FIS-PRC2 function to be
bypassed.
DISCUSSION
Here, we report the identification of the imprinted ADM gene,
which determines seed viability in paternal excess interploidy
hybridizations. Whereas triploid seeds abort at a frequency close
to 100% in the Col accession, mutation of ADM leads to nearly
complete seed rescue. Triploid adm seeds have reduced
expression levels ofAGL genes, includingAGL62, a central regu-
lator of endosperm cellularization. Consistently, cellularization is
restored in triploid adm seeds.
The parental conflict theory predicts that genomic imprinting
evolved as a consequence of intragenomic conflict over nutrient
allocation from the mother to the offspring (Haig and Westoby,
1989). Based on this prediction, PEGs should have a predomi-
nant role in supporting growth of tissues that sustain embryo
growth (placenta and endosperm) (Haig and Westoby, 1989;tal Cell 26, 525–535, September 16, 2013 ª2013 Elsevier Inc. 531
Figure 6. adm Partially Suppresses Abortion of mea Mutant Seeds
(A) Quantitative RT-PCR analysis of ADM in whole siliques derived from pollinations of wild-type Col plants ormea/+mutants with wild-type Col pollen at 6 DAP.
Error bars indicate SEM.
(B) Percentages of aborted, partially collapsed, and normal seeds derived from pollinations ofmea/+ with wild-type Col pollen,mea/+ adm-1 with wild-type Col
pollen,mea/+with adm-1 pollen, andmea/+ adm-1with adm-1 pollen (left). Numbers above the bars indicate the number of analyzed seeds. Examples of seeds
of the three categories (right panels). Scale bar, 0.5 mm.
(C) Clearings of seeds derived from pollinations ofmea/+ adm-1with adm-1 pollen at 12 DAP. Wild-type seed (left), abortingmea seed (middle), and rescuedmea
seed (right) are segregated. Scale bar, 0.1 mm.
(D) Transmission frequency of themeamutant allele through female gametes was determined by genotyping germinated seedlings for the presence of themea
mutation.
See also Figure S6.
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hypothesis by revealing that the PEG ADM has a role in promot-
ing endosperm growth by regulating endosperm cellularization in
triploid seeds. The effect on endosperm cellularization is likely a
direct or indirect consequence of ADM, regulating expression of
AGL genes in triploid seeds.
Previous studies revealed that reduced paternal genome
contribution can bypass the requirement of the FIS-PRC2 for
viable seed formation (Nowack et al., 2007; Kradolfer et al.,
2013). Here, we show that reduced dosage of ADM can sub-
stantially contribute to fis mutant rescue, thus providing strong
support for the view that the FIS-PRC2 regulates viable seed
formation by regulating expression of PEGs.
Whereas increased expression of ADM is causally responsible
for triploid seed abortion, increased expression of ADM did not
cause major changes in diploid seed development. These data
reveal that changes in ADM dosage have different conse-
quences in diploid and triploid seeds. Moreover, impaired ADM
function did not cause noticeable aberrations in diploid seed
development, suggesting that there is either residual ADM func-
tion in adm-1 and adm-2 mutants, or, alternatively, that ADM is
not essential for seed development. The last scenario bears532 Developmental Cell 26, 525–535, September 16, 2013 ª2013 Elsstriking similarities to the lethal effect mediated by Lethal hybrid
rescue (Lhr) in F1 hybrid sons of Drosophila melanogaster and
D. simulans (Brideau et al., 2006). A loss-of-function mutation
at the D. simulans Lhr locus can reverse F1 lethality; however,
neither does increased expression of the D. simulans Lhr cause
lethality in D. melanogaster nor does loss of Lhr function cause a
negative effect (Chatterjee et al., 2007; Brideau and Barbash,
2011). Therefore, the Lhr protein acquires a negative ectopic
interaction in the hybrid background, similar to the negative
effect of ADM in triploid seeds.
Speciation is characterized by the evolution of barriers to
reproductive exchange between two groups of organisms. The
genes building these hybridization barriers are speciation genes.
Our study identifies ADM as an imprinted plant speciation gene
that underlies the hybridization barrier between diploid and
tetraploid Arabidopsis plants.
Although only a few natural Arabidopsis thaliana tetraploid ac-
cessions have been identified (Bomblies et al., 2007), unreduced
male gametes are frequently formed after cold stress (De Storme
et al., 2012). It is generally assumed that the formation of stable
tetraploids occurs via the formation of unreduced gametes and
unstable triploid intermediates (Rieseberg and Willis, 2007). Weevier Inc.
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ADM contributes to the low frequency of natural Arabidopsis
thaliana tetraploid populations. However, because the triploid
block mediated by ADM is active only in response to increased
paternal genome contribution, triploid seed formation can occur
when unreduced gametes are maternally formed, explaining the
existence of tetraploid populations of Arabidopsis thaliana and
relatives.
A large body of theoretical work led to the prediction that
imprinted genes erect hybridization barriers (Haig and Westoby,
1989; Moore and Haig, 1991; Birchler, 1993; Zeh and Zeh, 2000;
Gutierrez-Marcos et al., 2003; Kinoshita, 2007). This theory
builds on the hypothesis that imprinted genes are dosage sensi-
tive and imprinted expression is disrupted in response to hybrid-
ization. Disruption of imprinted gene expression has been shown
to occur at some selected loci in response to interploidy and
interspecies hybridization in Arabidopsis (Josefsson et al.,
2006; Jullien and Berger, 2010) as well as in the North American
rodent speciesPeromyscus (Vrana et al., 2000). Our study shows
that interploidy hybridizations result in hyperactivation of the
active ADM allele while not affecting the imprinted status of
ADM. Until now experimental evidence that unbalanced expres-
sion of an imprinted gene can form a hybridization barrier was
missing. Thus, the identification of ADM as a dosage-sensitive
imprinted gene represents a major advance because it is an
imprinted plant gene that erects a strong postzygotic reproduc-
tive barrier upon change of genome dosage. One implication
of our data is that alterations in epigenetic gene regulation
contribute to both the establishment and maintenance of repro-
ductive isolation barriers in plants.
EXPERIMENTAL PROCEDURES
Plant Material and Growth Conditions
Plants were grown in a growth chamber at 60% humidity and daily cycles of
16 hr light at 21C and 8 hr darkness at 18C. Arabidopsis thaliana mutants
jas-3 (Erilova et al., 2009), mea-8 (Ngo et al., 2007), and adm-2
(SAIL_1252_D03) are in the Col accession. The osd1-1 mutant (d’Erfurth
et al., 2009) was kindly provided by Raphael Mercier. The mutant was orig-
inally identified in the Nossen background and subsequently introgressed
into Col by repeated backcrossing over five generations. The jas-1 mutant
is in the Ler background (Erilova et al., 2009). For crosses, designated female
partners were emasculated, and the pistils hand-pollinated 2 days after
emasculation.
RNA Extraction and qPCR Analysis
Three siliques were harvested for each cross and frozen together with glass
beads (1.25–1.55 mm; Carl Roth) in liquid nitrogen. The samples were ground
in a Silamat S5 (IvoclarVivadent) two times for 6 s. RNAwas extracted using the
RNeasy Plant Mini Kit (QIAGEN) according to the manufacturer’s instructions.
Residual DNA was removed using the QIAGEN RNase-free DNase Set, and
cDNA was synthesized using the Fermentas First strand cDNA synthesis kit
according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using an iQ5 Real-Time PCR
Detection System (BioRad) and Maxima SYBR green qPCR master mix
(Fermentas) according to the manufacturer’s instructions. Quantitative real-
time PCR was performed with three replicates using primers as indicated in
the Supplemental Experimental Procedures, and results were analyzed as
described (Simon, 2003) using PP2A as a reference gene.
EMS Mutagenesis and Mapping
Diploid jas-3 seeds were selected based on seed size and mutagenized
for 15 hr in 0.3% ethyl methanesulfonate (EMS). The seeds were germinatedDevelopmenon soil, and one side branch of each plant was harvested. We screened
900 M2 families consisting each of eight plants derived from one M1 plant
and selected mutants with reduced seed abortion. For genetic mapping
of the adm mutation, we established an F2 mapping population by crossing
jas-3 adm with jas-3. From 896 analyzed plants, 200 had a clear adm
phenotype and were selected for mapping. Leaf samples of all plants
were pooled and DNA was extracted using the Nucleon PhytoPure Kit
(Amersham Biosciences). Sequencing was performed on one lane of an
Illumina Hiseq 2000 device using paired end mode at 70 fold coverage.
Read alignment was done using the Bowtie algorithm (Langmead et al.,
2009), and Samtools was employed for SNP calling (Li et al., 2009).
Mapping using SNP data files was performed as described by (Austin
et al., 2011).
Microscopy
For tissue sections, seeds were fixed and embedded with Technovit 7100
(Heraeus Kulzer) as described (Hehenberger et al., 2012). Five-micrometer
sections were prepared with an HM 355 S microtome (Microm) using
glass knives. Sections were stained for 1 min with 0.1% toluidine blue
and washed three times with distilled water. For clearings, siliques were
slit along the lamella and fixed overnight at 4C in ethanol/acetic acid in a
ratio of 9:1 and washed with 70% ethanol. Seeds were cleared for 1 day
at 4C in chloral hydrate solution (glycerol/chloral hydrate/water in a ratio
of 1:8:3). Seeds and pollen of the GFP lines were mounted in water and
analyzed with epifluorescence optics. Microscopy was performed using a
Leica DMI 4000B microscope with DIC optics. Images were captured
using a Leica DFC360 FX camera (Leica) and processed using Adobe Photo-
shop CS5. Pictures of mature seeds were taken using a Leica Z16apoA
microscope and a Leica DFC425C camera and processed using Adobe
Photoshop CS5.
Flow Cytometry
Ploidy levels were measured as described (Kradolfer et al., 2013).
Seed Size Analysis
Seeds were arranged on glass slides and pictures were taken using a Leica
Z16apoA microscope with transmitted light. Seed size was measured as
described by (Herridge et al., 2011).
Germination and Transmission Analysis
Seeds were surface sterilized using chlorine gas. Five milliliters of hydrochloric
acid was added to 30 ml of sodium hypochlorite under a fume hood. This
mixture was incubated in a container together with the seeds for 1 hr. Seeds
were plated on MS media containing 1% sugar. After stratification at 4C in
the dark for 2 days, seedlings were grown in a growth room under a long-
day photoperiod (16 hr light and 8 hr darkness) at 23C. Germination frequency
was determined after 7 days. For transmission analysis, seedlings were
harvested after 12 days for genotyping using primers specified in the Sup-
plemental Experimental Procedures.
Generation of Plasmids and Transgenic Lines
Details on the generation of plasmids and transgenic lines are provided in the
Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2013.08.006.
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